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We experimentally emulate interaction induced blockade and local spin freezing in two and three
spin-1/2 nuclear spin-systems using Nuclear Magnetic Resonance (NMR) architecture. These phe-
nomena are identical to the Rydberg blockade and Rydberg biased freezing, which are supported by
strong inter-particle interactions. In addition, we probe quantum correlations between the qubits
under blockade and freezing phenomena using quantum discord. Such studies open up interesting
quantum-information perspectives in simulating atomic interactions via NMR architecture.
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I. INTRODUCTION
The blockade phenomenon in which one particle pre-
vents the flow or the excitation of other particles due
to inter-particle interactions has been a subject of in-
tense study using various quantum systems. For in-
stance, blockade has been observed in electrons [1], pho-
tons [2–6], ions [7], and Rydberg atoms [8–10]. The effect
of blockade has been used for the controlled preparation
of quantum states [11, 12], in particular the entangled
or non-classical states [13–15], thus becoming highly rel-
evant for quantum information applications [16, 17] and
quantum many body physics [18]. In the Rydberg block-
ade regime, a new feature has been predicted recently
by Vineesha et.al [19], called the Rydberg biased freez-
ing in which the dynamics of atoms driven with small
Rabi coupling freeze. The phenomenon of biased freez-
ing can provide local control on selected qubits, which
is of vital importance in many quantum computing and
information processing tasks.
In this work, we demonstrate interaction induced
blockade and spin freezing, identical to the Rydberg
blockade and Rydberg biased freezing, respectively, using
nuclear spins in Nuclear Magnetic Resonance (NMR) ar-
chitecture. Due to the long coherence times and the ease
of controlling and manipulating qubits, NMR provides an
ideal platform to probe such quantum phenomena. [20–
24]. Here, we demonstrate blockade and freezing phe-
nomena using two and three-qubit NMR registers. We
periodically monitor the full state of the quantum system
using quantum state tomography (QST), which allows
us to estimate quantum discord, thatquantifies quantum
correlations in a general quantum state, pure or mixed.
[25–27].
The paper is organized as follows. In Sec. II, we ex-
plain the theory behind Rydberg blockade and Rydberg-
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biased freezing. In Sec. III, we explain the NMR ar-
chitecture, the experimental setup, and introduce the
theoretical background for studying evolution of quan-
tum correlations in the system. We then explain how
Rydberg-atom phenomena can be realized using NMR
spin systems in Sec. III. Experimental results and dis-
cussion of the same are included in Sec. IV to maintain
clarity and coherence . Finally, we conclude in Sec. V.
II. RYDBERG BLOCKADE AND RYDBERG
BIASED FREEZING
In this section, we briefly review the phenomena of
the Rydberg blockade and Rydberg biased freezing for
two atoms (N = 2). Each atom comprises of two-levels
with the ground state {|g〉} coupled to the Rydberg state
{|e〉} by a laser field of Rabi frequency Ωi and detuning
∆i. In the frozen-gas limit, the system is described by
the Hamiltonian (~ = 1)
Hˆ = −
2∑
i=1
∆iσˆ
i
ee +
2∑
i=1
Ωiσˆ
i
x + V0σˆ
1
eeσˆ
2
ee, (1)
where σˆab = |a〉〈b| are the projection operators with
a, b ∈ {g, e}, σˆix = σˆieg + σˆige. The interaction potential
between two Rydberg excitations separated by a distance
R is given by V0 = C6/R
6 where C6 is the van der Waals
coefficient [17]. We take ∆i = 0, and work in the basis
{|gg〉, |ge〉, |eg〉, |rr〉}.
First we assume Ω1 = Ω2 and for V0  Ω1,2, the dou-
bly excited state experiences a large energy shift [see
Fig. 1]. In this case, if the two atoms are initialised
in |gg〉, they exhibit coherent Rabi oscillations between
|gg〉 and |+〉 = (|ge〉+ |eg〉)/√2 with an enhanced Rabi-
frequency of
√
2Ω1, cutting off |ee〉 entirely from the pop-
ulation dynamics. Effectively, strong interactions hinder
the presence of two excitations simultaneously, over a
separation of Rb, the blockade radius. This phenomenon
is called the Rydberg blockade [8–10]. Now keeping
V0  Ω1,2 (blockade regime), and increasing Ω2 even-
tually freezes the dynamics of the first atom. This phe-
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FIG. 1. The energy level diagram and allowed transitions
under blockade of two interacting Rydberg atoms.
nomenon was first shown by Vineesha et.al [19] and is
termed as Rydberg-biased freezing. Note that, the Ryd-
berg biased freezing emerges as a combined effect of both
strong interactions and the strong driving on one atom
[19], and the system exhibits coherent Rabi oscillations
between |gg〉 and |ge〉. If the Rydberg-Rydberg interac-
tions are significantly weak, the each atom exhibits inde-
pendent Rabi oscillations with its Rabi frequency Ω1,2.
Both blockade and freezing phenomena can be extended
beyond the two-atom scenario.
For N atoms and ∆i = 0, the Hamiltonian in Eq. (1)
can be extended as,
Hˆ =
N∑
i=1
Ωiσˆ
i
x +
N∑
i<j
Vij σˆ
i
eeσˆ
j
ee, (2)
where Vij = C6/r
6
ij and rij is the separation between
ith and jth atoms. A fully blockaded sample of N two
level atoms exhibit coherent Rabi oscillations between
the many-body ground state |G〉 = ⊗Ni=1|g(i)〉 and a col-
lective single excited state, |+〉 = ∑i |gg...e(i)...gg〉/√N
[28].
To identify both the blockade and freezing regions us-
ing a NMR setup, it is more desirable to work with the
corresponding spin-model for Eq. (2). For that, we intro-
duce the spin-1/2 operators, Iˆiα (α ∈ {x, y, z}) by map-
ping |g〉 and |e〉 with up (| ↑〉) and down (| ↓〉) spin states
along the z-axis, respectively. Then, we have σˆix = 2Iˆ
i
x,
and σˆiee = (1− 2Iˆiz)/2, where 1 is the identity operator,
and the Hamiltonian in Eq. (2) reads as (apart from an
identity term),
Hˆ = 2
N∑
i=1
ΩiIˆ
i
x −
N∑
i=1
V¯iIˆ
i
z +
N∑
i<j
Vij Iˆ
i
z Iˆ
j
z , (3)
where, V¯i =
∑
j Vij/2. In spin models, the first term in
Eq. (3) plays the role of a transverse field, second term
acts as a longitudinal field and the third term provides
the Ising interactions. Below, we describe how to real-
ize the above Hamiltonian using nuclear spins. For our
convenience, continue the use of states |g〉 and |e〉 to rep-
resent the two spin states.
III. NMR METHODOLOGY
A. Spin system and the Hamiltonian
The emulations are performed on two different sys-
tems: (i) a two-qubit system involving 19F and 31P nu-
clear spins of sodium fluorophosphate dissolved in D2O
(Fig.2(a)), and (ii) a three-qubit system involving 1H,
13C and 19F nuclear spins of dibromofluoromethane,
(Fig. 2(b)) dissolved in deuterated acetone. All exper-
iments were performed on a 500 MHz high-resolution
Bruker NMR spectrometer at ambient temperatures.
Each NMR sample contains about 1015 molecules (nu-
clear spin-systems) placed in an external magnetic field
B = B0zˆ, where B0 = 11.75 T. The Zeeman interaction
lifts the degeneracy between the spin states m = ±1/2
with an energy gap ~γiB0 where γi is the gyromag-
netic ratio of the nuclear isotope and γiB0 constitutes
its Larmor frequency. The time-averaged local field at
the site of nuclear spins in a rapidly reorienting liquid
molecule differs from the external magnetic field. The
resulting individual Larmor frequencies γiB0(1 + δi) are
strongly dependent on the chemical environment. Each
of the nuclear isotopes forming our spin systems can be
irradiated with circularly polarized radio-frequency (RF)
waves BRFi exp(i2piηit) characterized by controllable am-
plitudes 2piνRFi = γiB
RF
i and controllable carrier fre-
quencies ηi. The resonance offsets w.r.t. the carrier fre-
quencies are given by 2piνi = γiB0(1 + δi) − 2piηi. The
spins also interact with one another via a constant scalar
coupling Jij mediated through covalent bonds. While Jij
itself is not a controllable parameter, the effective evolu-
tion time of the scalar interaction, can however be manip-
ulated, if required. For both the spin systems described
above, the resonance offsets and coupling strengths are
tabulated in Fig. 2(b,d).
Thus the NMR Hamiltonian in a frame co-rotating
with individual RF carriers under secular approximation
is
HNMR = 2pi
N∑
i=1
νRFi Iˆ
i
x − 2pi
N∑
i=1
νiIˆ
i
z + 2pi
N∑
i,j>i
Jij Iˆ
i
z Iˆ
j
z .
(4)
Comparing with Eq. (3), we can map νRFi , νi and Jij
directly to Ωi, V¯i and Vij , respectively. Thus, NMR sys-
tems along with RF pulses provide a natural test bed to
emulate phenomena like Rydberg blockade and Rydberg-
biased freezing.
B. Quantum correlation: Discord
In addition to observing blockade and freezing dynam-
ics in nuclear spins, we also study how quantum correla-
tions between the qubits evolve as the system is driven
under conditions of interaction induced blockade and spin
3FIG. 2. Sodium fluorophosphate molecule (a) and its Hamil-
tonian parameters (b) forming the two-qubit register. Dibro-
mofluoromethane molecule (c) and its Hamiltonian parame-
ters (d) forming the three-qubit register. In tables (b,d) the
diagonal elements represent tunable off-set frequencies νi, and
off-diagonal elements show scalar coupling constants Jij be-
tween the respective qubits.
freezing. We quantify these correlations using the mea-
sure of quantum discord, which is defined in terms of
the mutual information in a bipartite system [25]. For a
given density matrix ρ, the information content is quan-
tified by the von Neumann entropy H(ρ) = −Tr(ρ log ρ).
For a bipartite system AB, the mutual information be-
tween A and B is defined as
I(A : B) = H(A) +H(B)−H(A,B) (5)
where H(A), H(B) and H(A,B) are von Neumann en-
tropies of subsystems A, B, and the entire system re-
spectively. The mutual information can alternatively be
defined as
J(A : B) = H(B)−H(B|A) (6)
where H(B|A) = ∑i paiH(B|a = i) is the entropy of
subsystem B conditional to a measurement on subsystem
A giving result i with probability pai [25].
The above two definitions of mutual information are
classically equivalent. However, quantum mechanically
this equivalence does not hold since the second defini-
tion involves measurement, which is basis dependent and
changes the state of the system following measurement
[29]. The minimum difference between these two ways of
evaluating mutual information quantifies a quantum cor-
relation and is called quantum discord. Since I(A : B)
is independent of measurement basis, the discord can
be estimated by maximizing J(A : B) over all possible
orthonormal measurement bases {Πai } on subsystem A.
Thus we define the residual correlation
D(B|A) = I(A : B)−max
{Πai }
J(A : B), (7)
as quantum discord between A and B [25]. Note that
discord is not necessarily symmetric under system parti-
tions and it varies from 0 for uncorrelated states to 1 for
maximally entangled states.
C. Initialization, Readout, and Modeling
Experimental Imperfections
Intialization: At ambient temperatures, the thermal
energy is much larger than the Zeeman energy gaps and
accordingly an n-qubit NMR system is found in a highly
mixed state of the form ρth = 1/2
n +
∑
i iIˆ
i
z, where
1 accounts for the uniform background population and
i = ~γiB0/(2nkBT ) ∼ 10−5 is the purity factor cap-
turing the deviation population distribution. Therefore,
one prepares a pseudopure state (PPS) [30] of the form
ρpps = (1 − )1/2n + |ψ〉〈ψ| which captures the essen-
tial dynamics of a pure state |ψ〉. Further details of PPS
preparation for two and three-qubit systems are provided
in Appendix A.
Readout: The instantaneous states during evolution
are read-out using full Quantum State Tomography
(QST), which allows us not only to monitor popula-
tions in various energy levels, but also to quantify coher-
ences and thereby extract quantum correlations. Since
NMR signals arise from single-transition transverse-
magnetization operators of the form Iix± iIiy, not all ele-
ments of density matrix are directly measurable. There-
fore, one performs a set of experiments to systematically
convert unobservable elements to observable elements of
the desnity matrix, followed by their measurements [31].
In our case, we perform six and twelve such detection ex-
periments for two and three qubit registers respectively
to obtain pure phase absorptive signals [32], using which
we reconstruct the full density matrix.
Modeling experimental imperfections: The two main
imperfections in the NMR experiments are (i) spatial
RF inhomogeneity (RFI) causing different Rabi ampli-
tudes at different points in the sample and (ii) decoher-
ence causing the loss of quantum coherences (known as
T2 process) as well as eventual establishment of the ther-
mal equilibrium state (known as T1 process). The values
of T1 and T2 rate constants are measured by standard
NMR methods. We then model RFI by optimizing the
probability distribution spread over ±10 % of the nom-
inal RF value by minimizing the rms deviation of the
experimental data points with decoherence-incorporated
theoretical data points. The theoretical points are ob-
tained by solving the von Neumann equation in the ro-
tating frame using Eq. (4) for the corresponding initial
state density matrix in each case.
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FIG. 3. Population dynamics (left column) and discord (right column) versus driving time for the two-qubit register under
Rabi drive (a), Rydberg blockade (c,d), Rydberg biased freezing of the second qubit (e,f) and of the first qubit (g,h). Plot
(b) shows the population dynamics for the system with the same driving parameters as the freezing on second qubit case, but
with zero interaction between the two qubits. Experimental data points are shown by dots with error bars (indicating random
errors), theoretically expected dynamics are shown by dashed lines, and realistic numerical models are shown by solid lines. In
each case, the corresponding energy level diagram in a relevant basis along with prominent transitions are also shown (central
column) with the same color coding. The discord values D(B|A) are expressed in units of ln 2/2 [29], where  is the purity
factor as described in section III C.
IV. EXPERIMENTAL RESULTS
A. Non-interacting spins (Jij = 0)
We first demonstrate Rabi oscillations of noninteract-
ing (Jij = 0) spins under a uniform drive, i.e., ν
RF
i = ν
RF
for all i. The Zeeman energy splitting provides the nec-
essary levels for Rabi oscillations, as illustrated in Fig. 3.
The Rabi oscillation of a non-interacting spin-1/2 nu-
cleus is studied simply using low-bandwidth transition-
selective RF fields whose carrier frequencies are set on
one of the transitions of each spin and ignoring all other
off-resonant transitions. In our experiments, after initial-
izing each spin to its ground state, as explained before,
we drive the on-resonant transitions with RF fields of
amplitudes νRF = 217 Hz and νRF = 10 Hz respectively
for the two and three-qubit registers. The relative pop-
ulations of ground and excited states are then measured
by a suitable detection pulse after dephasing (and hence
destroying) the coherences with the help of a pulsed field
gradient (PFG).
In Figs. 3(a) and 4(a), we show the dynamics for the
non-interacting spins in the two-qubit and three-qubit
states, respectively. They help us to understand the dy-
namics in the interacting case. We drive all the spins
simultaneously, and it leads to coherent Rabi oscillations
between the ground states |gg〉 or |ggg〉 with the excited
states |ee〉 or |eee〉 respectively. The decay profiles in-
dicated by the experimental data points relative to the
theoretical expectations (dashed-lines) are due to envi-
ronmental relaxations in NMR systems as well as RF in-
homogeneity, which are modelled fairly well by the solid
lines incorporating these effects along with the theoret-
ical expectations. In two-qubit register, the population
transfer from |gg〉 to |ee〉 takes place via single excited
states |eg〉 and |ge〉 and for N = 3 we have both singly
and doubly excited states as intermediate ones as shown
in Fig. 4(a).
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FIG. 4. Population dynamics (left column) and discord (right column) versus driving time for the three-qubit register under
Rabi drive (a), Rydberg blockade (c,d), Rydberg biased freezing of the second qubit (e,f) and of the first qubit (g,h). Plot
(b) shows the population dynamics for the system with the same driving parameters as freezing on second and third qubits,
but with zero interaction between the three qubits. Experimental data points are shown by dots with error bars (indicating
random errors), theoretically expected dynamics are shown by dashed lines, and realistic numerical models are shown by solid
lines. In each case, the corresponding energy level diagram in a relevant basis along with prominent transitions are also shown
(central column) with the same color coding. The discord values D(B|A) are expressed in units of ln 2/22 [29], where  is the
purity factor as described in section III C.
B. Strongly interacting case: Interaction induced
excitation blockade
Now, we consider the case of strongly interacting spins,
and still keeping a uniform drive, i.e., Jij  νRF and
νi  νRF. For the two-qubit register, we have Jij = 868
Hz, and νRF = 217 Hz. The corresponding dynamics is
shown in Fig. 3(c) for the initial state |gg〉. We see the
Rabi oscillations between |gg〉 and |+〉 = (|ge〉+|eg〉)/√2,
with no population being found in |−〉 and |ee〉, indicat-
ing the excitation blockade. Comparing this to the results
for the non-interacting qubits [Fig. 3(a)], the oscillation
frequency of the population in |gg〉 is amplified by a factor
of
√
2 in the blockade regime. Experimentally, we observe
an oscillation frequency of (
√
2± 0.002)νRF, showing an
excellent agreement with the theoretical prediction.
In the three-qubit case, we have νRF = 10 Hz, and the
interaction strengths are in given in Fig. 2(b). Note that
one of the spin-spin couplings is negative, making |G〉 no
longer the ground state in our three-qubit register in the
absence of RF driving. But, |G〉 is degenerate with the
Werner state |W1〉 ≡ |+〉 = (|001〉 + |010〉 + |100〉)/
√
3
and its orthogonal counterparts |W2〉 and |W3〉 in singly-
excited subspace, which can be determined by Gram-
Schmidt orthogonalization. The basis is not uniquely
fixed, but a possible combination is |W2〉 = (2|001〉 −
|010〉 − |100〉)/√6 and |W3〉 = (|010〉 − |100〉)/
√
2. The
spin-spin interactions are such that the states with more
than one excitation are energetically well separated from
|G〉 and singly excited states. The experimental and the-
oretical results of the population dynamics shown in Fig.
4(c) for the initial state |G〉 indicate that the population
exchange occurs only between |G〉 and |W1〉, while all
other states are blocked. Here again the collective Rabi
oscillation has a frequency of (
√
3±0.03)νRF , which also
shows excellent agreement with the expected value.
Figs. 3(d) and 4(d) show the quantum discord between
A:B and A:BC at different steps of evolution under Ry-
dberg blockade conditions for two and three-qubit cases
respectively. Initially, the system is prepared in a prod-
uct state |G〉, and hence the quantum discord is zero.
However, during the course of time evolution, correla-
tions develop between the qubits, resulting in non-zero
values of discord. We can see that the discord is maxi-
6mized each time the system attains the entangled state
|+〉. Thus, we can impose blockade to generate entan-
gled states in a many-qubit system. After incorporating
the imperfections, the numerical model (solid lines) and
experimental (circles) results are in excellent agreement.
C. Strongly interacting case: Local spin freezing
In the blockade regime, by locally amplifying the Rabi
coupling (or equivalently the local transverse field in the
spin model in Eq. (4)) of selected spins, we can freeze
the dynamics of other spins, which in a Rydberg lattice
is called the Rydberg biased freezing [19]. In the two
qubit NMR register, we drive the first qubit (19F ) with
νRF1 = 217 Hz and the second qubit (
31P ) with a weaker
field, i.e., νRF2 = ν
RF
1 /6. The corresponding dynamics is
shown in Fig. 3(e). Ideally, for these values of field and
interaction strengths, we expect almost complete freezing
of first qubit in its ground state |g〉, and the two-qubit
system exhibits Rabi oscillations between |G〉 and |ge〉 as
shown by dashed lines in Fig. 3(e). Due to the imperfec-
tions discussed in Sec. III C, we experimentally observe a
small fraction of population in |eg〉 (circles in Fig. 3(e)).
After incorporating the imperfections, numerical model
results (solid lines) show excellent agreement with the
experimental values. To appreciate the biased freezing,
we show the results for the non-interacting qubits but
with νRF2 = ν
RF
1 /6 and we can see in Fig. 3(b) that both
qubits get excited. If we switch the weaker drive to the
first qubit and the stronger one to the second qubit, we
observe prominent dynamics of the second qubit while
the first qubit freezes in the presence of strong spin-spin
interactions, as shown in Fig. 3(g). The numerical results
with imperfections over an extended period is shown in
Sec. IV D.
In addition to this, we also studied the regime in be-
tween Rydberg blockade and Rydberg-biased freezing by
gradually reducing the driving amplitude of the second
qubit with respect to the first qubit and observed the
populations in each of the singly excited states |ge〉 and
|eg〉. In Fig. 5, we show the value of population in states
|eg〉 and |ge〉 at the first peak in time. We can see that
the populations start out equally in |ge〉 and |eg〉 states
in blockade regime, with driving amplitude 217 Hz on
both qubits and gradually deviate from each other as the
driving fields on both qubits become different. Here, the
driving amplitude of the second qubit is reduced, and
hence the population in |ge〉 gradually decreases while
the population in |eg〉 increases.
In the three-qubit register, we can selectively freeze
either a single qubit or two qubits. To demonstrate two-
qubit freezing we drive the first qubit with νRF1 = 50 Hz
and the last two quibits by νRF3 = ν
RF
2 = 10 Hz. As seen
in Fig. 4(e), the first qubit only takes part in the exci-
tation dynamics, resulting in Rabi oscillations between
|G〉 and |egg〉. Instead of the first qubit, if we drive the
second qubit strongly, and weakly drive the first and the
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FIG. 5. Population in |ge〉 and |eg〉 as the driving amplitude
of the second qubit (νRF2 ) is gradually reduced from Ryd-
berg blockade condition (217 Hz) to Rydberg-biased freezing
condition (36.2 Hz). Experimental data recorded at the first
maximum in time is shown by filled circles, which are overlaid
on theoretical simulations shown by solid lines.
third ones, we observe Rabi oscillations between |G〉 and
|geg〉 [see Fig. 4(g)]. Similar to the two-qubit case, in
the absence of couplings between the qubits and under
non-uniform drive νRF2 = ν
RF
3 = ν
RF
1 /5, all qubits get
excited simultaneously, as shown in Fig. 4(b). This rein-
forces the fact that strong spin-spin interactions cause lo-
cal spin freezing. Numerical results with interaction over
extended period of evolution and with imperfections for
the three-qubit case are also shown in Sec. IV D.
Figs. 3(f,h) and 4(f,h) show discord between A:B and
A:BC for Rydberg-biased freezing scenarios in two and
three qubit case respectively. We can see that less entan-
glement is generated under conditions of Rydberg-biased
freezing as compared to Rydberg blockade. This is due
to considerable suppression of the dynamics of frozen
qubits during the evolution. Accordingly, the dynamics
is largely confined to exchanges between separable states,
with less quantum correlation being created as revealed
by discord values. Further weakening of the drive ampli-
tude on the frozen qubit will lead to its stronger isolation
and further suppression of quantum correlations.
D. Local spin freezing: Extended time evolution
The case of local spin freezing in strongly interacting
systems was explored for long durations of evolution in
both two and three-qubit systems. Population dynam-
ics and the corresponding evolution of quantum discord
are shown in Fig. 6. The second qubit is frozen in the
two-qubit case Fig. 6 (a,c) while the second and third
qubits are frozen in the three-qubit case Fig. 6. We
can see that population is exchanged only between the
ground state and the excited state of the unfrozen first
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FIG. 6. Population dynamics and corresponding evolution of
quantum discord are shown in (a,c) for two-qubit and (b,d)
for three-qubit systems respectively. Population oscillations
are suppressed in the frozen second qubit in the two qubit case
and second and third qubits in the three-qubit case. Dashed
lines are theoretically expected results which are overlaid with
solid lines accounting for experimental imperfections.
qubit in both the cases, while exchange between excited
states of other qubits and higher excited levels are con-
siderably suppressed even at long time scales. In con-
sequence of the suppression of dynamics of some qubits,
the amount of quantum discord generated between the
qubits is lesser compared to the case of Rydberg block-
ade. This behaviour, which was observed for short time
scales, holds for extended times of evolution as well.
V. SUMMARY AND OUTLOOK
In this work, we experimentally demonstrated interac-
tion induced blockade and local spin freezing using two
and three-qubit registers. Both the phenomena are iden-
tical to the Rydberg blockade and a newly proposed phe-
nomenon of Rydberg-biased freezing. Though, the con-
cepts of NMR register is altogether different from that
of Rydberg atoms, it does not hinder access to quantum
phenomena featured by the latter. In addition, we also
characterized the dynamics of quantum discord in these
systems during the course of evolution under blockade
and Rydberg-biased freezing conditions. The interaction
induced blockade can be used to create entangled states
in NMR quantum registers, while those of biased local
spin freezing can be utilized to selectively control and
drive qubits in a multi-qubit system. The freezing phe-
nomenon is highly relevant for local quantum operations,
and for exchanging information between different set of
qubits. Finally, the operational maps between atoms and
spins used in these studies might open up new possibil-
ities in experimental quantum simulations using NMR
architecture.
Appendix A: Preparation of two and three-qubit
PPS
FIG. 7. PPS sequences. Pulse sequence for preparing PPS
|00〉〈00| and |000〉〈000| from thermal equilibrium state for
(a) two qubit register in sodium fluorophosphate molecule
with τFP = 1/(2JFP ) and (b) three qubit register in dibro-
mofluoromethane with τHC = 1/(2JHC), τFC = 4(1/JFC −
1/(8JHC)) and τHF = 1/(2JHF ) respectively. The solid bars
represent rotations by an angle and about a direction as in-
dicated over them. The blank rectangles represent pi pulses
and the black half ellipsoids represent PFG along +z axis to
destroy coherences.
The pulse sequence to prepare |00〉 PPS (|gg〉) in two-
qubit system sodium fluorophosphate molecule is shown
in Fig. 7 (a), and |000〉 PPS (|ggg〉) in three-qubit system
dibromofluoromethane system is shown in Fig. 7 (b).
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